Abstract. Virtual companions that interact with users in a socially complex environment require a wide range of social skills. Displaying curiosity is simultaneously a factor to improve a companion's believability and to unobtrusively affect the user's activities over time. Curiosity represents a drive to know new things. It is a major driving force for engaging learners in active learning. Existing research work pays little attention in curiosity. In this paper, we enrich the social skills of a virtual companion by infusing curiosity into its mental model. A curious companion residing in a Virtual Learning Environment (VLE) to stimulate user's curiosity is proposed. The curious companion model is developed based on multidisciplinary considerations. The effectiveness of the curious companion is demonstrated by a preliminary field study.
Introduction
In order to establish a close and long-term relationship with their users, virtual companions have attracted major research interest from the field of artificial intelligence. A number of companion-related research projects are going on, including Companion [1] , SERA [2] , CLASSiC [3] , LIREC [4] , COGNIRON [5] , SEMAINE [6] , etc. It has been agreed by researchers that the artificial companion should be accessible to users over a long period of time in a socially complex environment. Hence, all these projects emphasize the importance of social skills in virtual companions.
To imbue social intelligence into virtual companions, various facets of social abilities, such as conversation [7] , emotion [8] , memory [9] , and trust [10] , have been considered by researchers. However, these facets overlooked the aspect of social motivation which is essential for promoting a life filled with novelty. For example, an emotionally intelligent conversational companion without curiosity may talk the users out of a bad mood, but cannot proactively seek out potentially interesting news or activities to engage the users in an active lifestyle.
Curiosity is the force driving active exploration in human beings [15] . A healthy dose of curiosity has been found to result in the development of capabilities and more importantly, creativity [12] , [13] . Graesser et al. found that a curious peer can stimulate another's curiosity by pointing out novel information to him/her through social interactions [14] . Hence, curiosity can be a very important social skill of virtual companions to promote the curiosity of users over long-term interactions and potentially enhance a life with novelty.
In this paper, we enrich the social skills of virtual companions by constructing a curiosity model for them. The proposed virtual curious companion resides in a Virtual Learning Environment (VLE), which is an ideal platform to study its effectiveness in stimulating the curiosity in users.
The remaining parts of the paper are organized as follows: Section 2 gives an overview of psychological studies on human curiosity and the state-of-the-art of curious agent design. In Section 3, our proposed socially intelligent Curious Companion (CC) is presented, with a usage scenario to demonstrate the reasoning process of the CC and its interactions with the user. The results from a field study to measure the effectiveness of the proposed CC in terms of interest retention are discussed in Section 4. Section 5 concludes the paper and lists important future research issues.
Related Work
In psychological studies, the concept of curiosity in human being can be divided into two dimensions [13] : 1) diversive curiosity, which is aroused when people are bored or hungry for information; and 2) specific curiosity, which is aroused when new information are surprising or conflicting with one's existing understanding. From these definitions, curiosity is partially determined by a person's innate characteristics and the external stimuli he/she receives from the environment. The innate urge to be curious about one's surroundings is primarily driven by his/her personality -more specifically, the propensity to be curious [19] . This characteristic is found in psychological studies to determine the intensity of diversive curiosity and one's attention to novelty which, in turn, drives the process of novelty discovery in the information one receives. The novelty that has been discovered in this process will likely be the external trigger for specific curiosity in the subject matter and may cause further in-depth exploration into this specific domain. The resulting enhanced understanding gained from this exercise will make subsequent encounters with the same concepts appear less novel to the person. The relationships between various factors affecting human curiosity are summarized in the cognitive map shown in Figure 1 .
Designing curious agents is a research problem that has attracted attentions from many researchers. However, the primary aim of previous research work on CCs is about making curiosity an intrinsic drive for the agents, rather than their users, to explore. For instance, Schmidhuber [16] has demonstrated the effectiveness of curiosity in directing the agents to explore dynamic environments. Reinforcement learning and intrinsic rewards were used in that study to direct the curious agent to refine its model of the environment. Marsland et al. [17] incorporated curiosity into robots to equip them with novelty seeking behaviours which help them with exploration. Macedo and Cardosa [18] infused the concept of surprise into CCs to induce further exploration into the surprising areas. Saunders [19] uses CCs to study the use of computational curiosity modelling to help software agents discover novelty in creative works (e.g. image patterns). Figure 1 . The influence of the human propensity to be curious on the two dimensions of curiosity, their effect in driving exploration [19] , and how the proposed CC helps in this process.
While these works all confirm the important relationship between curiosity, motivation, learning and creativity, they do not aim at developing these qualities in human users to enhance their learning experience and long term cognitive development. Merrick [20] has made preliminary investigations into this direction by designing curious robotic toys whose movement patterns change when reconfigured to study its effect on stimulating players' curiosity. However, the interactions between curious robot and the users are limited and no study results on its effectiveness have been published at the time of writing of this paper. In the next section, we discuss important considerations when designing a curious learning companion to help users be curious when studying science subjects.
A Simple Curious Companion Model
Depending on one's knowledge and past experience, what appears to be novel or surprising to one learner might be a familiar fact for another. Therefore, a CC must tailor its stimulation conditions to the learning progress of different learners even if the underlying concepts being taught are the same. In addition, whenever curiosity stimulation is decided to be necessary, the level of stimulation that a learner can tolerate must be taken into consideration. If the stimulus issued by the CC is too complex, too novel or too irritating, anxiety or revulsion might be aroused from the learner instead of the desired curiosity.
As an open-ended environment, a VLE provides ample time for exploration by the learners once their curiosity is aroused. In such an environment, exchanging questions with a large number of peers is much easier for a learner than in a classroom. As text chatting is the prevailing medium of message exchange in VLEs, discussion is made even easier for people who are shy to speak up in front of other (which is quite a common phenomenon in oriental cultures). The novel virtual objects and the sense of immersion (sensory, actional and symbolic [21] ) provide a readily available intrinsic reward for exploration and discovery to the learners. These opportunities offered by the VLEs make it an ideal platform for studying the use of CCs to stimulate learners' curiosity and develop their creativity over the long term. With these considerations in mind, we propose the following architectural design for the curious companions. The aforementioned considerations are summarized into a simple curious companion architecture as shown in Figure 2 . Its functional modules can be divided into three generic categories: 1) a perception module, which is responsible for sensing the necessary domain of interest and collecting relevant data to support the subsequent decisions made by the CC; 2) a cognition module, which contains the main algorithms for achieving the design objectives of the CC; and 3) a curiosity stimulation module, which is responsible for interacting with the learner.
User Context: The CC should be able to monitor the learner's context for the purpose of personalizing novelty detections and tailoring unobtrusive curiosity stimulations. In a VLE, a user's context may include information from 3 different aspects:
1) The learner's current topic of learning and his/her progress: as each individual learner may have different progress in learning, it is unsuitable to sweepingly mark certain knowledge concepts as novel to the learner and raise it to the learner's attention as a teacher does in a classroom. To facilitate manipulation by both human beings and the CC, the knowledge representation mechanism must satisfy the following requirements: 1) it can represent knowledge in a symbolic way to facilitate human understanding; 2) it supports the computational analysis of a problem; and 3) it can describe complex relationships among many concepts which are useful for learning. In view of these considerations, we have chosen fuzzy cognitive maps (FCMs) as a medium for knowledge representation in the proposed CC. Fuzzy Cognitive Map (FCM) is a fuzzy-graph structure which can simulate the complex systems in the world through causes, effects, and the causal relationships in between [22] . A FCM can be defined in the form of (C, R, W), where C = {C 1 , C 2 , … , C N } is the set of concepts. These concepts are represented as nodes in a FCM graph. The set of causal relationships among these concepts is denoted by R = {R 11 , R 12 , … , R NN } , where R ij represents the strength and nature of influence on C j by C i . The causal relations can be compactly represented by a connection matrix = [ w ij], 1 ≤ i ≤ N, 1 ≤ j ≤ N. Thus, a learner b's current subject knowledge, K b , is represented as:
2) The learner's propensity to be curious and tolerance to stimuli: people differ in their intrinsic level of diversive curiosity that drives each of them to initiate their own exploration. This is an important parameter for the CC to decide whether to issue curiosity stimuli or not and the intensity and complexity of the stimulation that are required to change the learner's attitude about exploration. As it is a relatively stable personality trait, a person's propensity to be curious can be assessed using questionnaires such as the curiosity and exploration inventory (CEI) proposed by Kashdan et al. [15] . A learner's curiosity profile can be denoted as follows: classified dictates what curiosity stimulation strategies should be adopted by the CC throughout the subsequent interactions with the user.
3) The learner's possible current mood: from time to time, we all experience periods of moodiness during which nothing seems to be worth exploring for us. Recent studies in behavioural science confirm that there is a positive correlation between positive emotions and curiosity [23] . Thus, knowing a user's likely mood is useful for making curiosity stimulations unobtrusive. However, as a person's mood changes during learning activities, it is not practical to resolve to lengthy questionnaires for assessment. Therefore, non-intrusive measuring techniques such as using mouse clicks and keyboard press data [24] offer promising solutions in this case. The historical mouse and keyboard actions of a learner b is denoted as a collection of records as:
is the type of action (e.g. left mouse click, right mouse click, mouse movement, key press, etc.) performed by learner b at time t.
Environment Context: Learning concepts in a VLE tend to be embedded in virtual objects, virtual characters or learning activities in the form of:
where A is the learning activity, p denotes the properties of A (e.g. name, objectives, background information, etc.) and {C i } is the set of subject knowledge that is covered in A. Thus, it is important for the CC to be able to extract this piece of information from the environment to know when a learner is coming into contact with certain new knowledge. In addition, in order to make sense of a user's current context, his/her location in the virtual environment, which is intuitively represented by (x, y, z) in a three dimensional virtual world, needs to be constantly tracked. Actions that the user can perform in a VLE to participate in various learning activities should be clearly defined to enable the CC to monitor if the user is in need of prompt to continue exploring.
Novelty Detection: During the learning-by-exploration process in a VLE, it is important for the CC to be able to discern which piece of knowledge is novel to a particular learner in his/her current context. This requires the CC to possess a novelty detector which makes use of the information collected by the user context monitor and the environment monitor to decide whether the knowledge a user is about to encounter in a certain location in a VLE is conflicting with his/her current understanding of the topic. In addition, a form of representation of a learner's knowledge that is both easy for human beings to construct and understand, and also simple enough for computers to store and make inference is vital for the novelty detector to work.
In this study, we adopt the classic view from psychological research that regards curiosity as a motivational state which elicits interest from the learner by presenting them with "something new" or "something surprising" [25] . In the proposed CC model, we consider the "something new" to be the concepts that a learner has not yet encountered in the VLE and the "something surprising" to be knowledge embedded in the virtual learning activity that contradicts what the learner has learnt (or misunderstood) from past experience in the VLE. To facilitate the detection of novelty, not only the acquired concepts should be recorded in the learner's knowledge base, basic relationships among these concepts should also be contained in the knowledge representation to support the level of learning required by the target group of our study -which is high school students.
With FCMs as the knowledge model for both the learner and the proposed CC, novelty detection can be accomplished by the CC according to the following procedure (assuming the same set of symbols is used for both the learners and the CC to denote individual concepts in the subject matter):
1) The CC computers the intersection of and as = ∩ , where is the set of concepts in the learner's current understanding FCM and is the is the set of concepts in the CC's knowledge base (which is the preloaded FCM representation of the subject knowledge designed by a subject expert), assuming the same set of symbols are used by both the learner and the CC to represent to corresponding concepts. If 
into the set which denotes the set of surprises to the learner. 4) Determine the current location of the learner's avatar in the VLE, and the set of learning activities A = {A 1 , A 2 , … , A H } in the vicinity. For each learning activity A a ∈ A, acquire the set of subject knowledge concepts, CC, embedded in it. If ∃c k ∈ C A ∧ (c k ∈ C new ∨ k ∈ R S ), then mark A a as potentially novel for the learner. Decision to Stimulate Curiosity: A learner may become curious about the newly encountered learning activity on his/her own and initiate exploration. In this situation, external stimulus by the CC would be redundant and even be considered annoying. Thus, the CC should monitor the learner's activity to decide whether stimulating his/her curiosity is necessary in order to make the stimuli unobtrusive.
After detecting the potentially novel learning activities near to the learner's avatar, the prototype CC waits for duration τ for the learner's action. This is an intuitive attempt to give the learner enough time to see if he/she could become curious about one of the novel learning activities and start to take part in it. For the current CC prototype, the value for τ is determined heuristically analysing the learner's past mouse movement pattern in the context of the location of the learn-er's avatar. While a learner can use mouse movements to control the direction his/her avatar is facing, and therefore, view the environment from different angles, only mouse clicks and keyboard strokes can move the avatar or activate events in the test-bed VLE. Thus, in our attempt to quantify the value of τ for each learner, we consider the average time lapse between keyboard strokes or mouse clicks T. Thus, τ = nT, n ∈ Z + . After a time period of τ, if the learner still has not engaged in, or is moving his/her avatar away from, the potentially novel learning activities, the CC will randomly select one of the novel learning activities and generate a prompt (currently in the form of a question) to suggest that the learner investigate it.
The rationale for using this rather static heuristic approach is due to the lack of studies conducted in the area of virtual worlds to investigate the correlation between people's mouse and keyboard usage pattern and their likely state of the mind. Ideally, if a mapping function F exists:
where P m is a learner's likely mood profile corresponding to his/her historical mouse and keyboard usage pattern, 〈α, ν, δ〉 denote his/her level of arousal, valence and dominance respectively, which are popular dimensions used to measure a person's mood in psychological studies [24] . Once more findings from on the influence of mood on a person's level of curiosity is made available, a wide range of agent learning technologies can be applied to make their stimulation decisions more personalized and appropriate.
Curiosity Stimulation Strategy:
When the CC decides to stimulate a learner's curiosity, it needs to be equipped with persuasive strategies to make the stimulation effective. The most common means of stimulation is the use of thoughtprovoking questions that highlight surprising facts to the learner. The composition of such sentences by the CC needs to rely on the information from the novelty detection unit (i.e. what is the new or surprising concept to a particular user), employing appropriate persuasion strategies [28] and medium of delivery. Apart from this, highlighting complex problems or uncertainty may also to be effective ways of stimulating one's curiosity [26] . Moreover, the way the stimuli are constructed must also take into account the learner's tolerance level for them so as not to overwhelm the learner and cause anxiety (e.g. the stimulus should make exploring certain new concepts look appealing and enjoyable rather than making the process look overly difficult for someone who does not enjoy challenges). The mapping process from a learner's curiosity profile to a possible stimulation strategy can be represented by f:
where ss is a stimulation strategy that contains specifications for the complexity of the stimulus (c), the learner's preferred medium of stimulation (m) and the appropriate persuasion strategy (Ps) for him/her. Tailored suggestions are one of the persuasion strategies for the CC. The possible suggestions in the current CC prototype for each learning activity have been pre-constructed and incorporated into the companion. However, it is possible to summarize the way questions are construct-ed to elicit curiosity from a user into a set of templates (e.g. "Would you like to learn something about" + something_new + "? You can explore it by participating in" + learning_activity + "here." or "There may be other ways of explaining the concept" + something_surprising + ", would you like to see how it is done in" + learning_activity + "?", etc.). This way, it is possible to dynamically generate the suggestions. Should additional stimulation strategies become available, more templates could be designed to accommodate them.
Figure 3. The CC in our test-bed VLE is embodied by a butterfly that follows each individual learner.
The current prototype CC is implemented using the Goal Net Methodology [30] , [31] and embodied by a little butterfly, as shown in Figure 3 , which follows each individual user while he/she explores the test-bed VLE.
A Usage Scenario for the Prototype CC
Through exploring the CoS VLE, a learner L has acquired some knowledge on the topic of the transport systems in plants. After each learning activity ends, he updates the FCM representation of his current understanding of the subject by selecting from a predefined set of concept nodes and specifying the relationships among these concepts using the interface provided by a teachable agent from our previous study [27] in the VLE as shown in Figure 4 . At the current stage, his knowledge on the subject matter is illustrated by the FCM shown in Figure 5 . Figure 6 illustrates the FCM representation of the CC's subject knowledge. The parts in Figure 5 and 6 that are highlighted in red denote the differences between these two FCMs. As can be seen, the learner has only encountered concepts C1 to C8 and misunderstood the relationship between C4 and C7 (he thinks higher salt concentration in the soil will facilitate the plant to absorb water through osmosis). 
By going through
Step 1 of novelty detection method in the previous section, the CC identifies the set of new concepts for the learner based on his current learning progress and stores them into a set C new :
The weight matrix for the learner's knowledge FCM and the CC's knowledge FCM are denoted as and respectively. Comparing the exact decimal values in the two weight matrices would not produce meaningful results. Therefore, fuzzification of these values is needed to make sense of the really substantial differences that may appear surprising to a learner. In this prototype, the weight values are in the range of 0 to 1. This range is divided into three fuzzy sets: low (L), medium (M) and high (H) as illustrated in Figure 7 . The membership functions corresponding to these three fuzzy sets are:
θ(x) = { 10x − 3, 0.3 ≤ < 0.4 1, 0.4 ≤ < 0.6 −10x + 7, 0.6 ≤ < 0.7 (7) γ(x) = { 10x − 6, 0.6 ≤ < 0.7 1, ≥ 0.7 .
To simplify the subsequent comparisons, the fuzzy set with the highest membership function evaluation for a given w ij value is used to denote the relationship r ij between concepts i and j: , the element W result [3, 4] , W result [4, 6] , W result [4, 7] and W result [8, 6] are set to the value 1, which means that the causal relationship between concepts C 4 and C 7 as well as that between C 8 and C 6 in these two FCMs are different. Therefore, the 2-tuples 〈3,4〉, 〈4,6〉, 〈4,7〉 and 〈8,6〉 are inserted in the set R S which contains all the surprises (conflicts in understanding) for the learner based on his current understanding of the subject matter. R S = {〈3,4〉, 〈4,6〉, 〈4,7〉, 〈8,6〉}. At that moment, location of the learner's avatar in the CoS VLE is near the root of a plant where learning activities include helping salt molecules enter the root structure which teaches the learner the diffusion process (A 1 {C 5 }); and helping the water molecules enter the root structure which teaches the learner about osmosis (A 2 {C 7 }). Following step 3 of the proposed novelty detection method, the concept of diffusion (C 5 ) in A 1 does not belong to either C new or R S , while the concept of osmosis is denoted as C 7 in the learner's knowledge FCM which does not belong to C new but, nevertheless, belongs to R S . Therefore, after determining that the learner has no intention to explore the current location, the CA issues a textual prompts in the form of questions to the learner as shown in the Figure 8 to stimulate the learner's curiosity about participating in the learning activity A 2 {C 7 } at this virtual venue.
Field Study
The CoS VLE has been studied in the Catholic High School in Singapore to study its effectiveness. Although the CC was not singled out as a focus of the study, its effectiveness in terms of retaining students' interest in the VLE has been assessed as part of the study.
Method of the Study
Two groups of Secondary Two level (equivalent to Grade 8 in the North American high school system) students who are rated as having average academic abilities by their teachers, were selected to participate in the study. The topic of their study was transport systems in plants, which was chosen from their science class curriculum. Before the study commences, both groups have not learnt the chosen topic at the secondary school level (but they did encounter this topic during their primary school years). They were given a pre-test on the subject matter to gauge their understanding. During the study, which consists of four separate sessions, one group learnt this topic by using the CoS VLE, and the control group went through normal classroom teaching. At the end of the study, both groups sat for a post-test on the topic and the group that used the CoS VLE also gave their feedback on the system in the form of a survey.
Analysis of Results
At the current stage, the post-test scripts are still being marked and tallied by the school teachers. Therefore, we will use the survey results for analysis of the performance of the proposed CC in this application environment. The survey consists of 28 rating questions assessing various aspects of the system. The ratings are in the range of 1 -7 with 1 being completely disagree and 7 being completely agree. Three of these questions (Q2, Q3 and Q5) measure the students' perception of how effective their interest in exploring learning activities in the VLE has been retained throughout the sessions. Another three of these questions (Q23, Q24, Q27) measure the students' perceived ease of use for the user knowledge representation format in the VLEs. In the version of VLE without the proposed CC, the students input their knowledge by adding "if…then…" rules to a rule base. In the version with the proposed CC, the students input their knowledge by modifying a FCM.
As shown in Figure 9 and Figure 10 , comparing both the distribution as well as the average of ratings between the group using the CoS VLE without the proposed the CC and the group using the same VLE with the proposed CC, students from the latter group perceived that their interest in the exploring the learning activities has been better retained. An average rating of 5.6 out of 7 over Q2, Q3 and Q5 has been achieved by the group using the proposed CC while the group that did not use the proposed CC only achieved an average rating of 4.45 out of 7 over the same questions. This represents a 25.8% improvement. Students also prefer to use FCM as a knowledge representation mechanism in the VLE than simple rule bases. This validates our design choice of using FCM for the students to record the knowledge they have acquired in the VLE, which also simplifies the process of novelty detection in the proposed CC.
A two-sample unpooled t-test with unequal variances is performed on the following hypothesis:
Null Hypothesis (H 0 ): there is no statistically significant difference between the average rating scores from the group with the proposed CC and the group without it. Alternative Hypothesis (H 1 ): there is statistically significant difference between the average rating scores from the group with the proposed CC and the group without it. Comments from the students show that they are generally surprised by the novelty of the proposed CC. The proposed CC, in itself, might qualify as something new and surprising to them. Some of them have been observed to be curious about the CC and interested in exploring the range of capabilities of the CC itself by bringing it to a wide range of different locations in the VLE.
Conclusions and future work
In this paper, we proposed a socially intelligent curious virtual companion to stimulate user's curiosity through social interactions. We have discussed important design considerations that should be taken in order to make the CC practical. Based on the model, a prototype CC has been implemented in our test-bed VLE. Field studies on its effectiveness in retaining learners' interest in exploring the learning activities in a VLE has yield promising results.
Nevertheless, at the current stage, many further refinements to the current CC model are needed in order to achieve the long term goal of the proposed CC to foster a life of interest for the users in pursuit of life-long learning. 1) Computational curiosity models: being curious is distinctly a human experience that is not simply binary. A human level of curiosity has varying intensities and provides an intrinsic drive to his/her actions. Being able to quantify the level of curiosity a person may be experiencing is an important first step towards influencing his/her attitudes. We believe curiosity brings a new dimension in research on various intelligent agents/robots such as learning, negotiation, persuasion, inference, trust agents and various virtual companions. 2) Curiosity stimulation design patterns: in complex tasks such as learning in a VLE, the stimulations a CC provides to a user could potentially be in multiple media (e.g. text, audio, animation sequences, etc.) to appeal to people with different preferences. How to effectively stimulate a user's curiosity the key problem that will ultimately determine whether a CC is successful or not. Although techniques for stimulating curiosity in a classroom setting has been proposed from the educational research field, we believe this process holds more similarities to persuasion in a virtual environment. Effective curiosity inducing interaction patterns for a virtual world based environment catering to users with different personalities will be explored to enhance the usefulness of future CCs. 3) Assessing the effectiveness of a curious companion: the current practice of assessing the interest retention and motivation effectiveness of the CC based on user feedback can be subjective and inadequate. It is inherently difficult for a human being to quantify these concepts. Thus, we plan to look into the possibility of analysing the changes in the users' behaviour patterns under the influence of CCs to more objectively assess the effectiveness of a particular CC design. This will open up the opportunity to incorporate the design based research methodology [23] into the CC design process.
These issues will be addressed in our subsequent research work.
